The corrosion protection of Hastelloy-N alloy in LiF-NaF-KF (commonly referred to as FLiNaK) molten salt has been developed by pure Ni and Co coatings using the laser cladding technique. An immersion experiment with samples was performed in molten FLiNaK salt at 900 • C for 100 h. It was found that the corrosion rates of the pure Ni-coated specimen and the pure Co-coated specimen are 39.9% and 35.7% of that of Hastelloy-N alloy, respectively. A careful microstructural characterization indicates that a selective dissolution of the elemental Cr occurred in the surface of bare Hastelloy-N alloy, showing a severe intergranular corrosion. For pure metal-coated specimens, in contrast, only metal oxide formed during the laser cladding process dissolved into the molten fluoride salt. The dense pure metal (Ni or Co) coatings exhibit a slightly general corrosion and protect the Hastelloy-N substrate effectively. The possible corrosion mechanism for both coated and uncoated Hastelloy-N under the current experimental condition are discussed in this work.
Introduction
Ternary LiF-KF-NaF (FLiNaK, with molar ratio of 46.5:11.5:42.0) molten salt, one of the most promising candidate fluids for the high-temperature heat transfer, exhibits a series of advantages including high-temperature stability (>1000 • C), high thermal conductivity, high specific heat, high boiling point, and low viscosity [1] [2] [3] [4] . FLiNaK molten salt can be used not only as a secondary coolant and a primary simulation coolant in molten salt reactors [5, 6] , but also as a primary coolant in advanced high-temperature reactors and heat transfer fluid in next-generation concentrated solar power systems [7] . However, one critical limitation for the FLiNaK molten salt is of intrinsically extremely corrosive at high temperatures [8] . Moreover, the corrosion will be aggravated due to the presence of impurities in the FLiNaK molten salt [8] . Therefore, the corrosion control has been a main concern for the materials applied in molten fluoride salts.
Hastelloy-N alloy, a Ni-based superalloy with a low Cr content developed by Oak Ridge National Laboratory (ORNL, Oak Ridge, TN, USA), has been demonstrated to be compatible with molten fluoride salt below 700 • C [9] [10] [11] . Some applications such as the hot side for the reactor-to-hydrogen-production-plant heat transfer system, however, are expected to reach over 800 • C [11, 12] . To improve the corrosion resistance of Ni-based materials in the molten fluoride salt at high operating temperatures, some surface coating technologies have been developed [13] [14] [15] [16] [17] . For instance, Olson et al. [13] and Zhang et al. [14] reported the Ni electroplating layers on Incoloy-800 as active metal dissolution resistance [13, 14] . Muralidharan et al. [15] reported the pure Ni coating on Inconel 617 by laser cladding and chemical vapor deposition. A two-step spraying and carburization technique was developed by Brupbacher et al. to prepare binder-free Cr 3 C 2 coatings on Haynes-230 [16] . In our previous study, we have prepared AlN coatings by laser cladding on Hastelloy-N alloy offering superior corrosion resistance in LiF-KF-NaF molten salt [17] . In comparison with traditional surface coating techniques, laser cladding can directly produce dense coatings by melting and solidification of powders on a metallic substrate to improve the surface properties. It has many attractive merits such as high efficiency, strong metallurgical bonding, highly fined microstructure and easily tailored coating thickness [18] .
Regarding the coating matrix, Luke et al. [19] calculated the Gibbs free energies in forming various metal fluorides at 850 • C and reported the following increasing tendency: CoF 3 < MoF 3 < NiF 2 < CoF 2 < CrF 3 < CrF 2 < KF < NaF < LiF. It is worth mentioning that the pure Mo exhibits poor oxidation resistance above 600 • C [20] , and the element Cr is of extremely chemical activity in the molten fluoride salt [5, 17, [19] [20] [21] . Therefore, both pure Mo and Cr are not suitable for the coatings applied in the high-temperature molten fluoride salt. Specifically, the Gibbs free energies of formation for Ni fluoride (NiF 2 , 505.991 kJ/mol) and Co fluoride (CoF 2 658.289 kJ/mol, CoF 3 378.721 kJ/mol) are much lower than that of the major components of the molten salt (LiF, NaF, KF, >900 kJ/mol) [19] . It is, therefore, reasonable to expect that pure Ni and Co coatings are free from chemical attacks in the molten fluoride salt. Although Ni coating on Inconel 617 was prepared by the laser-cladded technology, no further experimental studies were conducted in molten salt. Particularly to our best knowledge, the metallic Co coating has not been employed on Ni-based alloy up to date.
In view of the Gibbs free energies of formation for Ni/Co fluorides as well as the similar melting points between the pure Ni/Co coating and the Ni-based Hastelloy-N alloy substrate [22] , in this work, we have developed a laser-cladding technique to deposit pure Ni or Co metallic coatings on the Hastelloy-N alloy for the corrosion resistance improvement. A static corrosion test at 900 • C for 100 h was conducted to preliminarily evaluate the performance of the pure Ni and Co metallic coatings. The possible corrosion processes of such Hastelloy-N alloy with and without laser-cladded pure Ni and Co metallic coatings is discussed. This work is aimed to provide insights into the understanding of materials corrosion control technology.
Materials and Methods

Materials
A Ni-based Hastelloy-N alloy was selected as the substrate with the dimension of 60 × 60 × 5 mm 3 . The chemical composition of Hastelloy-N alloy is shown in Table 1 . Gas atomized Ni and Co powders with purity of 99.9%, density of 3.9 g/cm 3 and average size of 75 µm (Changsha Tianjiu Materials Ltd., Changsha, China) were used for laser cladding. High-purity FLiNaK molten salt was provided by Shanghai Institute of Applied Physics, Chinese Academy of Sciences (Shanghai, China), and detailed information can be referred to in our previous study [17] . melting the metal powders, materials were deposited and built up layer by laser as the laser beam moves side-by-side as schematically shown in Figure 1 . The laser parameters were controlled as follows: laser power 2.1 kW, laser scanning speed 6.0 mm/s, laser beam diameter 3.0 mm, multitracking overlapping rate 50.0%, powder feeding rate 6.5 g/min, and an Ar flow rate 40.0 L/min. The coating thickness on Hastelloy-N alloy is about 2.0 mm. 
Characterization
Corrosion tests were carried out at 900 °C for 100 h, and the detailed experimental procedure was provided in our previous work [17] . Weight loss method was used to determine the corrosion rate (R) of the specimens after corrosion using the following formula [17, 23] :
where m0 and m1 are the mass of the specimen before and after corrosion, respectively, and S0 is the corrosion area of the specimen. Phase constituents of the specimens were investigated by a X-D6 X-ray diffractometer (XRD, Beijing Purkinje General Instrument Co., Ltd., Beijing, China) with Cu Kα radiation (λ = 1.5418 Å). Careful microstructural characterization was performed using a ZEISS MERLIN Compact scanning electron microscope (SEM, Carl Zeiss AG, Oberkochen, Germany) equipped with an Oxford energydispersive X-ray spectroscope (EDS). Table 2 presents the weight loss of Hastelloy-N alloy and pure Ni or Co-coated specimens after corrosion testing in FLiNaK molten salt at 900 °C for 100 h. The results show that the corrosion rates of Hastelloy-N alloy, Ni-coated specimen and Co-coated specimen are 0.3164 ± 0.0002 mg/mm 2 , 0.1263 ± 0.0003 mg/mm 2 and 0.1129 ± 0.0001 mg/mm 2 , respectively. It is apparent that the coated specimens exhibit superior corrosion resistance in contrast with the original Hastelloy-N alloy; and the pure Co-coated specimen is of the optimum corrosion resistance with a 35.7% weight loss of Hastelloy-N substrate. It is well demonstrated that the coatings act as a barrier layer to protect the Hastelloy-N substrate from the attack in molten fluoride salt effectively. 
Results and Discussion
Corrosion Behavior
Characterization
Corrosion tests were carried out at 900 • C for 100 h, and the detailed experimental procedure was provided in our previous work [17] . Weight loss method was used to determine the corrosion rate (R) of the specimens after corrosion using the following formula [17, 23] :
where m 0 and m 1 are the mass of the specimen before and after corrosion, respectively, and S 0 is the corrosion area of the specimen. Phase constituents of the specimens were investigated by a X-D6 X-ray diffractometer (XRD, Beijing Purkinje General Instrument Co., Ltd., Beijing, China) with Cu Kα radiation (λ = 1.5418 Å). Careful microstructural characterization was performed using a ZEISS MERLIN Compact scanning electron microscope (SEM, Carl Zeiss AG, Oberkochen, Germany) equipped with an Oxford energy-dispersive X-ray spectroscope (EDS). Table 2 presents the weight loss of Hastelloy-N alloy and pure Ni or Co-coated specimens after corrosion testing in FLiNaK molten salt at 900 • C for 100 h. The results show that the corrosion rates of Hastelloy-N alloy, Ni-coated specimen and Co-coated specimen are 0.3164 ± 0.0002 mg/mm 2 , 0.1263 ± 0.0003 mg/mm 2 and 0.1129 ± 0.0001 mg/mm 2 , respectively. It is apparent that the coated specimens exhibit superior corrosion resistance in contrast with the original Hastelloy-N alloy; and the pure Co-coated specimen is of the optimum corrosion resistance with a 35.7% weight loss of Hastelloy-N substrate. It is well demonstrated that the coatings act as a barrier layer to protect the Hastelloy-N substrate from the attack in molten fluoride salt effectively. Surface SEM images of Hastelloy-N alloy, Ni-coated specimen and Co-coated specimen before and after corrosion are shown in Figure 2 . The original Hastelloy-N alloy is of homogeneous microstructure with grain size of 50~100 µm, and some grey M 6 C particles distributed in the matrix (Figure 2a) . After corrosion test, a severe intergranular corrosion is clearly observed in Figure 2b . The high-energy grain boundaries may become a rapid diffusion channel for element Cr; and the voids formed along the grain boundary due to the aggregation of vacancies left by the outward diffusion of Cr [17, [19] [20] [21] . In contrast, the Ni or Co coating on Hastelloy-N alloy is of homogeneous microstructure before and after corrosion test (Figure 2c-f ). There is only slight general corrosion occurred in the pure Ni or Co-coated specimen. It is evident that the Ni or Co coating can effectively improve the high-temperature corrosion resistance of the Hastelloy-N alloy in the molten salt. This is in good agreement with the corrosion weight loss results listed in Table 2 .
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Corrosion Behavior
Surface SEM images of Hastelloy-N alloy, Ni-coated specimen and Co-coated specimen before and after corrosion are shown in Figure 2 . The original Hastelloy-N alloy is of homogeneous microstructure with grain size of 50~100 μm, and some grey M6C particles distributed in the matrix (Figure 2a ). After corrosion test, a severe intergranular corrosion is clearly observed in Figure 2b . The high-energy grain boundaries may become a rapid diffusion channel for element Cr; and the voids formed along the grain boundary due to the aggregation of vacancies left by the outward diffusion of Cr [17, [19] [20] [21] . In contrast, the Ni or Co coating on Hastelloy-N alloy is of homogeneous microstructure before and after corrosion test (Figure 2c-f ). There is only slight general corrosion occurred in the pure Ni or Co-coated specimen. It is evident that the Ni or Co coating can effectively improve the high-temperature corrosion resistance of the Hastelloy-N alloy in the molten salt. This is in good agreement with the corrosion weight loss results listed in Table 2 . Figure 3 shows the phase constituents of both the uncoated and coated specimens before and after corrosion. Hastelloy-N alloy is composed of γ-Ni and M6C phases (M represents the metal elements such as Ni, Mo and Cr), with a precipitation of new Cr9Mo21Ni20 phase after corrosion ( Figure 3a ) [17] . From Figure 3b , the original pure Ni-coated specimen is mainly composed of γ-Ni and a small amount of oxides (NiO, Cr2O3). The oxides were probably formed by simultaneously melting Ni powders and the Hastelloy-N surface under the action of the high-temperature laser beam. Comparatively, only γ-Ni phase remains while the oxide peaks disappeared after corrosion. For the pure Co-coated specimens, the pre-corrosion specimen is mainly composed of γ-Co and a few Figure 3 shows the phase constituents of both the uncoated and coated specimens before and after corrosion. Hastelloy-N alloy is composed of γ-Ni and M 6 C phases (M represents the metal elements such as Ni, Mo and Cr), with a precipitation of new Cr 9 Mo 21 Ni 20 phase after corrosion ( Figure 3a ) [17] . From Figure 3b , the original pure Ni-coated specimen is mainly composed of γ-Ni and a small amount of oxides (NiO, Cr 2 O 3 ). The oxides were probably formed by simultaneously melting Ni powders and the Hastelloy-N surface under the action of the high-temperature laser beam. Comparatively, only γ-Ni phase remains while the oxide peaks disappeared after corrosion. For the pure Co-coated specimens, the pre-corrosion specimen is mainly composed of γ-Co and a few Cr 2 O 3 ; while only γ-Co phase exists after corrosion. This is consistent with the conclusion that the metal oxides are thermodynamically unstable in the molten fluoride salt [4, [23] [24] [25] [26] . For better understanding the formation and dissolution of the metal oxides, the possible chemical reactions and the corresponding Gibbs free energies are given in Table 3 . It is apparent that the Gibbs free energy of formation of Cr 2 O 3 is much lower than those of NiO or CoO, indicating that Cr 2 O 3 is of highest formability. The element Cr was inevitably diffused from the Hastelloy-N substrate during the high-temperature laser cladding process, which explains the occurrence of Cr 2 O 3 in the coated specimens. Actually, Cr 2 O 3 oxide can be easily generated on the surface of the Ni-based alloy exposed to the high temperature and oxygen-containing environment [27] . The formation of Cr 2 O 3 oxide can protect the base material from further oxidation [27] . Therefore, the peaks corresponding to NiO in the Ni-coated specimen are very weak (Figure 3b ). The absence of the Co-bearing oxide in the Co-coated specimen is probably due to the low content exceeding the detection limit of XRD (Figure 3c ). More importantly, only pure γ-Ni or γ-Co phase is detected from the coated specimens after corrosion. This suggests that the oxides dissolved into the molten fluoride salt, and the possible reactions can be found in Table 3 . The negative Gibbs free energies suggest the spontaneous reaction of the oxide dissolution. Therefore, the pure metallic coatings can provide substantial protection against the elemental diffusion from the substrate, and consequently improve the corrosion resistance of the Hastelloy-N alloy in the molten fluoride salt. Cr2O3; while only γ-Co phase exists after corrosion. This is consistent with the conclusion that the metal oxides are thermodynamically unstable in the molten fluoride salt [4, [23] [24] [25] [26] . For better understanding the formation and dissolution of the metal oxides, the possible chemical reactions and the corresponding Gibbs free energies are given in Table 3 . It is apparent that the Gibbs free energy of formation of Cr2O3 is much lower than those of NiO or CoO, indicating that Cr2O3 is of highest formability. The element Cr was inevitably diffused from the Hastelloy-N substrate during the hightemperature laser cladding process, which explains the occurrence of Cr2O3 in the coated specimens. Actually, Cr2O3 oxide can be easily generated on the surface of the Ni-based alloy exposed to the high temperature and oxygen-containing environment [27] . The formation of Cr2O3 oxide can protect the base material from further oxidation [27] . Therefore, the peaks corresponding to NiO in the Ni-coated specimen are very weak (Figure 3b ). The absence of the Co-bearing oxide in the Co-coated specimen is probably due to the low content exceeding the detection limit of XRD (Figure 3c ). More importantly, only pure γ-Ni or γ-Co phase is detected from the coated specimens after corrosion. This suggests that the oxides dissolved into the molten fluoride salt, and the possible reactions can be found in Table 3 . The negative Gibbs free energies suggest the spontaneous reaction of the oxide dissolution. Therefore, the pure metallic coatings can provide substantial protection against the elemental diffusion from the substrate, and consequently improve the corrosion resistance of the Hastelloy-N alloy in the molten fluoride salt. To further reveal the change in the elemental distribution of the cross-section specimens before and after corrosion, EDS line scanning was carried out and the results are shown in Figure 4 . It can be seen from Figure 4a ,b that there is an obvious concentration gradient for element Cr from the surface to the center. This is consistent with other reports regarding the element Cr in Hastelloy-N alloy reacting and dissolving in the molten salt initially to produce a Cr-depleted surface layer [3, 28, 29] . Meanwhile, Ni and Mo elements are relatively stable; and there are many Mo-enriched peaks corresponding to the presence of M6C particles after corrosion. This is consistent with the XRD result in Figure 3a and surface SEM result in Figure 2a To further reveal the change in the elemental distribution of the cross-section specimens before and after corrosion, EDS line scanning was carried out and the results are shown in Figure 4 . It can be seen from Figure 4a ,b that there is an obvious concentration gradient for element Cr from the surface to the center. This is consistent with other reports regarding the element Cr in Hastelloy-N alloy reacting and dissolving in the molten salt initially to produce a Cr-depleted surface layer [3, 28, 29] . Meanwhile, Ni and Mo elements are relatively stable; and there are many Mo-enriched peaks corresponding to the presence of M 6 C particles after corrosion. This is consistent with the XRD result in Figure 3a and surface SEM result in Figure 2a For the coated specimens as shown in Figure 4c -f, all the elements are well preserved without obvious loss after corrosion, showing that both the pure metallic coatings are highly protective to the substrate in the molten salt. Notably, there are two peaks designated in Figure 4c ,e, which correspond to the reflection of the Cr2O3 particles confirmed by XRD in Figure 3b ,c before corrosion. However, such Cr2O3 peaks disappeared due to the dissolution or deduced concentration of particles after corrosion, which is consistent with the XRD results [4] .
Phase Analysis
Microstructural Characterization
For better understanding the microstructure change of the specimens after the corrosion test, the detailed cross-section SEM observations were carefully performed. Figure 5 presents the SEM images under different magnifications of the cross-section Hastelloy-N alloy before and after corrosion. Similar to the surface observations shown in Figure 2a ,b, the original Hastelloy-N alloy is composed of γ-Ni and M6C phases, showing a typical intergranular corrosion with a precipitation of new Cr9Mo21Ni20 phase after corrosion [17] , as shown in Figure 5 . For the coated specimens as shown in Figure 4c -f, all the elements are well preserved without obvious loss after corrosion, showing that both the pure metallic coatings are highly protective to the substrate in the molten salt. Notably, there are two peaks designated in Figure 4c ,e, which correspond to the reflection of the Cr 2 O 3 particles confirmed by XRD in Figure 3b ,c before corrosion. However, such Cr 2 O 3 peaks disappeared due to the dissolution or deduced concentration of particles after corrosion, which is consistent with the XRD results [4] .
For better understanding the microstructure change of the specimens after the corrosion test, the detailed cross-section SEM observations were carefully performed. Figure 5 presents the SEM images under different magnifications of the cross-section Hastelloy-N alloy before and after corrosion. Similar to the surface observations shown in Figure 2a ,b, the original Hastelloy-N alloy is composed of γ-Ni and M 6 C phases, showing a typical intergranular corrosion with a precipitation of new Cr 9 Mo 21 Ni 20 phase after corrosion [17] , as shown in Figure 5 . Figure 6 shows the cross-section SEM images of Ni-coated specimens before and after corrosion; and the quantitative EDS results of the characteristic particles marked in Figure 6 are presented in Table 4 . The top laser-cladded Ni coating zone is of homogeneous microstructure with the thickness of about 2 mm (Figure 6a,b) . However, some local corrosion occurred in the coating zone. The EDS result for the big black particles in Figure 6b is C0.91, N14.95, O22.47, Na3.68, K2.71, Cr1.64, Ni51.13 (at.%), which can be confirmed as the residual corrosion product on the specimen surface due to an inadequate cleaning after corrosion test. Figure 6a1 ,b1 correspond to the pre-and post-corrosion top Ni coating zone, respectively. It can be seen that some grey particles "1" and black particles "2" are present in the laser-cladded Ni coating zone (Figure 6a1 ), which can be determined as Cr2O3 and NiO in combination with EDS and XRD analysis results, respectively. These oxides were likely caused by the reaction with oxygen during the high-temperature laser cladding process in the atmospheric environment. It was reported that the diffusion rate of element Cr in Cr2O3 was approximately four orders of magnitude lower than that of in Ni [13] . Therefore, the presence of Cr2O3 particles may reduce the outward diffusion of Cr from the substrate into the molten salt. However, there are only a few grey Cr2O3 particles as marked "3" and no black NiO particle is discernable after corrosion (Figure 6b1 ). This suggests that the oxides are unstable in the molten fluoride salt as reported by others [4, [23] [24] [25] [26] . In addition, the matrix is confirmed to be a γ-Ni solid solution with trace elements Mo and Cr diffusing from the substrate during the laser cladding process as marked "4", immune from the molten salt attack, as demonstrated by EDS result and XRD result. Figure 6a2 ,b2 show the SEM images taken from the coating/substrate bonding zones before and after corrosion, respectively. The laser-cladded pure Ni coating exhibits a good metallurgical bonding with the substrate as seen from Figure 5b . It is also clear that the coating in the bonding zone is Figure 6 shows the cross-section SEM images of Ni-coated specimens before and after corrosion; and the quantitative EDS results of the characteristic particles marked in Figure 6 are presented in Table 4 . The top laser-cladded Ni coating zone is of homogeneous microstructure with the thickness of about 2 mm (Figure 6a,b) . However, some local corrosion occurred in the coating zone. The EDS result for the big black particles in Figure 6b is C0.91, N14.95, O22.47, Na3.68, K2.71, Cr1.64, Ni51.13 (at.%), which can be confirmed as the residual corrosion product on the specimen surface due to an inadequate cleaning after corrosion test. Figure 6a1 ,b1 correspond to the pre-and post-corrosion top Ni coating zone, respectively. It can be seen that some grey particles "1" and black particles "2" are present in the laser-cladded Ni coating zone (Figure 6a1 ), which can be determined as Cr 2 O 3 and NiO in combination with EDS and XRD analysis results, respectively. These oxides were likely caused by the reaction with oxygen during the high-temperature laser cladding process in the atmospheric environment. It was reported that the diffusion rate of element Cr in Cr 2 O 3 was approximately four orders of magnitude lower than that of in Ni [13] . Therefore, the presence of Cr 2 O 3 particles may reduce the outward diffusion of Cr from the substrate into the molten salt. However, there are only a few grey Cr 2 O 3 particles as marked "3" and no black NiO particle is discernable after corrosion (Figure 6b1 ). This suggests that the oxides are unstable in the molten fluoride salt as reported by others [4, [23] [24] [25] [26] . In addition, the matrix is confirmed to be a γ-Ni solid solution with trace elements Mo and Cr diffusing from the substrate during the laser cladding process as marked "4", immune from the molten salt attack, as demonstrated by EDS result and XRD result. Figure 6a2 ,b2 show the SEM images taken from the coating/substrate bonding zones before and after corrosion, respectively. The laser-cladded pure Ni coating exhibits a good metallurgical bonding with the substrate as seen from Figure 5b . It is also clear that the coating in the bonding zone is characterized by columnar dendrites perpendicular to the interface along the heat flow direction, which is caused by the rapid solidification cooling of laser cladding under a composition gradient and a temperature gradient [5, 18] . After corrosion in the molten salt, however, the interface between coating and substrate becomes hardly discernible and some tiny pores appear. In comparison with severe corrosion of the bare Hastelloy-N alloy in Figures 2 and 5 , there is only slight intergranular corrosion occurred in the substrate zone of the pure Ni-coated specimen as shown in Figure 6a3 ,b3. It is evident that the pure Ni coating can effectively improve the high-temperature corrosion resistance of the substrate in the molten salt. characterized by columnar dendrites perpendicular to the interface along the heat flow direction, which is caused by the rapid solidification cooling of laser cladding under a composition gradient and a temperature gradient [5, 18] . After corrosion in the molten salt, however, the interface between coating and substrate becomes hardly discernible and some tiny pores appear. In comparison with severe corrosion of the bare Hastelloy-N alloy in Figures 2 and 5 , there is only slight intergranular corrosion occurred in the substrate zone of the pure Ni-coated specimen as shown in Figure 6a3 ,b3. It is evident that the pure Ni coating can effectively improve the high-temperature corrosion resistance of the substrate in the molten salt. Figure 7 shows the cross-section SEM images of Co-coated specimen before and after corrosion, and EDS analysis of the characteristic particles marked in Figure 7 are presented in Table 5 . In comparison to the Ni-coated specimen in Figure 7 , the surface microstructure of the Co-coated specimen remains homogeneous without obvious corrosion as shown in the pre-and post-corrosion images (Figure 7a,b) , respectively. The average coating thickness is about 1.60 mm. Figure 7a1-a3,b1-b3 display the three distinct zones for the laser-cladded Co-coated specimen. The top Co coating zone is characterized by a uniform network microstructure with some precipitated particles (Figure 7a1 ). There is similar composition for the network and the nanoscale particles inside the network marked as particles "1" and "2", which is predominately consisted of Co; and a partial Ni diffusing from the Hastelloy-N substrate as listed in Table 5 . Some black particles "3" with diameters of 0.5-1.0 µm could be confirmed as Cr 2 O 3 particles by XRD and EDS analyses. Several big white particles "4" with high O and Si contents were also detected. After exposure in the molten fluoride salt, the post-corrosion Co-coated specimen exhibits a plain microstructure with the matrix "5", similar composition as matrices "1" and "2". At the same time, some black Cr 2 O 3 particles "6" are still discernible in the post-corrosion coating zone (Figure 7b1 ), while no white Si-enrich particles were detected after corrosion. For the coating/substrate bonding zone, the coatings keep a good metallurgical bonding with the substrate even after corrosion, and the coating in the bonding zone exhibits a typical columnar dendritic microstructure as a result of laser heat flux in Figure 7a3 ,b2. Notably, in comparison to the Ni-coated specimen in Figure 6b2 , the coating/substrate interface for the Co-coated specimen is free of pores and shows a superior bonding with the substrate (Figure 7b2 ). For the substrate zone as shown in Figure 7a3 ,b3, it exhibits the highest stability in the molten fluoride salt in this work. Figure 7 . Cross-section SEM images of the Co-coated specimens (a) before corrosion and (b) after corrosion and the images with larger magnification: (a1,b1) coating zone; (a2,b2) coating/surface bonding zone; (a3,b3) substrate zone.
Corrosion Mechanisms
As noted from the above results, it is apparent that Hastelloy-N alloy with and without coatings exhibit different corrosion behaviors under the current experimental condition. Regardless of the possible impurity such as moisture and oxygen in FLiNaK molten salt, a schematic corrosion process of the uncoated and coated Hastelloy-N alloy is depicted in Figure 8 . For the bare Hastelloy-N alloy 
As noted from the above results, it is apparent that Hastelloy-N alloy with and without coatings exhibit different corrosion behaviors under the current experimental condition. Regardless of the possible impurity such as moisture and oxygen in FLiNaK molten salt, a schematic corrosion process of the uncoated and coated Hastelloy-N alloy is depicted in Figure 8 . For the bare Hastelloy-N alloy as shown in Figure 8a , the element Cr diffuses and dissolves in the molten fluoride salt, leading to a Cr-depleted layer on the Hastelloy-N surface with severe corrosion. It is generally accepted, by ranking the Gibbs free formation energy of the respective metallic fluorides, that the activities of common metal elements into molten fluoride salt decrease in the following order: Al > Cr > Fe > Co > Ni > Mo > W [5, 19] . Therefore, Cr in the Hastelloy-N substrate is expected to be easily dissolved in molten fluoride salt due to the highly negative Gibbs free energy of its fluoride phase as clearly shown in Figure 4b .
For the pure metal-coated specimens as shown in Figure 8b , in contrast, metal oxides formed during laser cladding process diffuse into the molten fluoride salt. The dense pure metal (Ni or Co) coating can effectively hinder the penetration of the molten fluoride and thus improve the corrosion resistance of the substrate. The laser-cladded Co specimen shows superior corrosion resistance in comparison to the Ni-coated specimen in this work, as shown in Figures 6b3 and 7b3 . This is possibly due to the fact that the Co fluoride in form of CoF 3 is of smaller absolute value of Gibbs free energy (378.721 kJ/mol) than that of Ni fluoride (NiF 2 , 505.991 kJ/mol) [19] . However, it is noted that the elements from Hastelloy-N substrate did diffuse to the pure metallic coating during the laser cladding process, leading to the slightly general corrosion of the laser-cladded coatings and thus limiting the capabilities for long-term protection to some extent. A further purification of FLiNaK salt and an appropriate control of the substrate dilution are needed to ensure a better protective effect of the laser-cladded coating. as shown in Figure 8a , the element Cr diffuses and dissolves in the molten fluoride salt, leading to a Cr-depleted layer on the Hastelloy-N surface with severe corrosion. It is generally accepted, by ranking the Gibbs free formation energy of the respective metallic fluorides, that the activities of common metal elements into molten fluoride salt decrease in the following order: Al > Cr > Fe > Co > Ni > Mo > W [5, 19] . Therefore, Cr in the Hastelloy-N substrate is expected to be easily dissolved in molten fluoride salt due to the highly negative Gibbs free energy of its fluoride phase as clearly shown in Figure 4b . For the pure metal-coated specimens as shown in Figure 8b , in contrast, metal oxides formed during laser cladding process diffuse into the molten fluoride salt. The dense pure metal (Ni or Co) coating can effectively hinder the penetration of the molten fluoride and thus improve the corrosion resistance of the substrate. The laser-cladded Co specimen shows superior corrosion resistance in comparison to the Ni-coated specimen in this work, as shown in Figures 6b3 and 7b3 . This is possibly due to the fact that the Co fluoride in form of CoF3 is of smaller absolute value of Gibbs free energy (378.721 kJ/mol) than that of Ni fluoride (NiF2, 505.991 kJ/mol) [19] . However, it is noted that the elements from Hastelloy-N substrate did diffuse to the pure metallic coating during the laser cladding process, leading to the slightly general corrosion of the laser-cladded coatings and thus limiting the capabilities for long-term protection to some extent. A further purification of FLiNaK salt and an appropriate control of the substrate dilution are needed to ensure a better protective effect of the laser-cladded coating. 
Conclusions
This study has developed the laser-cladded pure metallic coatings (Ni and Co) to improve the corrosion resistance of Hastelloy-N alloy in FLiNaK molten fluoride salt. Conclusions can be drawn as below:
• Superior corrosion resistance caused by pure Ni and Co metallic coatings. Pure metallic coatings can effectively improve the corrosion resistance of Hastelloy-N alloy in molten fluoride salt, which was confirmed by the much lower corrosion rate of the pure Ni-and Co-coated specimens than that of Hastelloy-N alloy. Significantly, the firstly-reported Co-coated specimen exhibits the optimal stability in the molten fluoride salt without any discernible corrosion.
•
Unique microstructure for treated Hastelloy-N alloy. The Hastelloy-N alloy is composed of γ-Ni and M6C, and a new Cr9Mo21Ni20 precipitate after corrosion. In contrast, the pure Ni coating is mainly composed of γ-Ni, NiO, and Cr2O3, while the pure Co coating is mainly composed of γ-Co and Cr2O3. After corrosion in molten fluoride salt, only γ-Ni phase or γ-Co phase exists in the pure metallic coatings, respectively. • Mechanism understanding on the corrosion behavior. The elemental Cr in Hastelloy-N diffuses and dissolves into the molten fluoride salt, leading to an elemental depleted layer on the alloy surface with severe intergranular corrosion. For pure metal-coated specimens, in contrast, only 
Conclusions
•
Unique microstructure for treated Hastelloy-N alloy. The Hastelloy-N alloy is composed of γ-Ni and M 6 C, and a new Cr 9 Mo 21 Ni 20 precipitate after corrosion. In contrast, the pure Ni coating is mainly composed of γ-Ni, NiO, and Cr 2 O 3 , while the pure Co coating is mainly composed of γ-Co and Cr 2 O 3 . After corrosion in molten fluoride salt, only γ-Ni phase or γ-Co phase exists in the pure metallic coatings, respectively.
• Mechanism understanding on the corrosion behavior. The elemental Cr in Hastelloy-N diffuses and dissolves into the molten fluoride salt, leading to an elemental depleted layer on the alloy surface with severe intergranular corrosion. For pure metal-coated specimens, in contrast, only metal oxides formed during laser cladding process dissolve into the molten fluoride salt. The dense pure metal (Ni or Co) coatings can effectively hinder the penetration of the molten fluoride and thus improve the corrosion resistance of the substrate remarkably.
